Abstract--~3C and 295i nuclear magnetic resonance spectroscopy with magic-angle spinning bas been used to study the short-range ordering and bonding in the structures of intercalates of kaolinite with formamide, hydrazine, dimethyl sulfoxide (DMSO), and pyridine-N-oxide (PNO). The 29Si chemical shift indicated decreasing levels of bonding interaction between the silicate layer and the intercalate in the order: kaolinite: formamide (5 = -91.9, ppm relative to tetramethylsilane), kaolinite: hydrazine ( -92.0), kaolinite: DMSO (-93.1). The 29Si signal of the kaolinite: PNO intercalate (-92.1) was unexpectedly deshielded, possibly due to the aromatic nature of PNO. The degree of three-dimensional ordering of the structures was inferred from the 295i signal width, with the kaolinite: DMSO intercalate displaying the greatest ordering and kaolinite : hydrazine the least. ~3C resonances of intercalating organic molecules were shifted downfield by as much as 3 ppm in response to increased hydrogen bonding after intercalation, and in the kaolinite : DMSO intercalate the two methyl-carbon chemical environments were non-equivalent (6 = 43.7 and 42.5).
INTRODUCTION
Solid-state 295i magic-angle spinning nuclear magnetic resonance (MAS/NMR) spectroscopy has proven to be sensitive to the short range ordering of minerals. In particular, the 29Si chemical shift in synthetic and natural silicates and aluminosilicates is sensitive to: (1) the chemical nature of the atoms directly attached to oxygens of the silicate tetrahedra, also described as the second coordination sphere of silicon (Lippmaa et al., 1980; M~igi et al., 1981) ; (2) interatomic distances (Smith and Blackwell, 1983; Higgins and Woessner, 1982) and angles (Smith and Blackwell, 1982) ; and (3) hydrogen bond strength (Thompson, 1984b) . Solid state ~3C MAS/NMR, however, has not provided significantly more information than was available from solution studies, though a chemical shift non-equivalence not observable in solution has commonly been observed in the solid (Wasylishen and Fyfe, 1982) .
In this present work the above two techniques have been combined to investigate further the structures of and bonding in a selection of well-documented kaolinite intercalates: kaolinite:formamide Ledoux and White, 1966) , kaolinite: dimethyl sulfoxide (DMSO) (Jacobs and Sterckx, 1970; Olejnik et aL, 1968; Sanchez and Gonzalez, 1970) , kaolinite: pyridine-N-oxide (PNO) (Olejnik et aL, 1971; Weiss and Orth, 1973) , and kaolinite: hydrazine (Weiss et aL, 1963; Ledoux and White, 1966) . Solid-state 13C and 298i MAS/NMR spectroscopy should provide complementary information to the infrared spectroscopic data and to the one-and three-dimensional structural data Copyright 9 1985, The Clay Minerals Society already obtained. Conversely, the infrared and structural data should be indispensable in the interpretation of the NMR data.
EXPERIMENTAL
The material chosen for intercalation was kaolinite #4, Oneal pit, Macon, Georgia, supplied by Ward's Natural Science Establishment, Rochester, New York. It was chosen for its low iron content (< 0.5 % as Fe203), and narrow 29Si NMR resonance (signal width at half height (Av,/~) = 8 3 Hz). This kaolinite is relatively poorly crystallized, with a Hinckley crystallinity index of 0.4 3 (Hinckley, 1963) , and was found to intercalate more readily than well-crystallized kaolinites. The measured cation-exchange capacity (CEC) is 11.2 meq/100 g of kaolinite. The only contaminating phase present is about 5% smectite (d = 14.8 A).
The intercalates with formamide (kaolinite: formamide), DMSO (kaolinite: DMSO), and hydrazine (kaolinite:hydrazine) were prepared by immersing the clay in the pure reagent (lab. grade) at 60~ for 2 weeks, 1 week, and 24 hr, respectively. The first two products were subsequently dried at 60~ for 48 hr and then left to stand for several weeks. The hydrazine intercalate, due to its instability in air, was prepared and dried immediately prior to analysis. The intercalate with PNO (kaolinite: PNO) was prepared by entrainment with hydrazine; i.e., kaolinite:hydrazine was saturated in liquid PNO at 70~ for 24 hr, and dried at 100~ for 24 hr to evaporate the hydrazine. The excess PNO was removed by rapid washing with chloroform. Clays and Clay Minerals
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(295i) pprn Figure 1 . 295i CP/MAS NMR spectra of(a) untreated Georgia kaolinite, 0a) kaolinite: formamide, (c) kaolinite: hydrazine, (d) kaolinite:DMSO, and (e) kaolinite:PNO intercalates. Spectra were obtained at 59.61 MHz on a Bruker CXP-300 spectrometer using 1H and 29Si r.f. fields of 10 and 50 G, respectively. Samples were packed in Delrin rotors and spun at 3-4 kHz. The spectra (b)-(e) display minor contributions from unexpanded kaolinite at 6 = -91.5.
The process of intercalation was monitored by X-ray powder diffraction (XRD) analysis with a Rigaku horizontal, wide-angle goniometer diffractometer (model No. CN2155DS) using Mn-filtered FeKa radiation. Intercalation of the kaolinite was greater than 90% for all compounds, with each kaolinite intercalate displaying a residual 7.17-]k reflection in the XRD pattern. The basal reflections for the four intercalates were: kaolinite: formamide 10.1 ~, kaolinite 9 hydrazine 10.4 ~, kaolinite:DMSO 11.2 /~, kaolinite:PNO 12.6 ]k. The level of intercalation and magnitude of the basal spacing for each of the four intercalates are in good agreement with the results of the authors mentioned above.
Solid state NMR spectra were collected on a Bruker CXP-300 NMR spectrometer at the Brisbane NMR Centre, Griffith University, Queensland. 29Si spectra 
RESULTS
The 29Si NMR spectra of the four kaolinite intercalates are displayed in Figure 1 together with the corresponding spectrum of the untreated Georgia kaolinite. Kaolinite exhibits two 295i resonances (Barton et al., 1983b) which have been explained by either differences in hydrogen bond interactions or by differences in Si-A1 distances (Thompson, 1984a) . The latter explanation was supported by the recent refinement of the kaolinite structure by Suitch and Young (1983) . The coeval refinement by Adams (1983) , however, arrived at a different result using another kaolinite and favored neither of the above explanations. The 29Si spectra of the kaolinite intercalates all exhibit a single resonance. The chemical shift of the 29Si resonances relative to tetramethylsilane (TMS) for each of the intercalates is listed in Table 1 together with the width at half height of each signal (Av,/2) in Hz. The degeneracy of the silicon environments by expansion of the kaolinite structure further suggests that Si-A1 interactions between the layers is the principal cause of silicon site differentiation.
The '3C NMR spectra of the three kaolinite:organic intercalates are shown in Figures 2-4; both the crosspolarized (CP/MAS) and dipolar IH decoupled (DD/ MAS) spectra are presented. Under the experimental conditions described above, the ~3C resonances of the intercalated organic molecules were enhanced in the CP/MAS spectra, whereas the DD/MAS spectra allowed all of the resonances to be observed, particularly
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Figure 2. ~3C DD/MAS and CP/MAS spectra of the kaolinite: forrnamide intercalate. The former displays a strong resonance at ~ = 166.7 due to adsorbed formamide, with a shoulder at ~ = 164.8 resulting from residual liquid formamide. In the latter, the strong resonance at 6 = 168.2 is due to intercalated formamide, with lesser contributions from the adsorbed and liquid formamide.
those due to adsorbed and excess (more mobile) organic molecules. The kaolinite:formamide intercalate displays three resonances ( Figure 2) . The resonance at 8 = 164.8 (relative to TMS) is due to excess formamide and corresponds to a literature value ofb = 164.9 (Stothers, 1972) . The resonance at 6 = 166.7, which dominates the DD/ MAS spectrum, is due to formamide adsorbed via the amine functional group. The resonance dominating the CP/MAS spectrum at b = 168.2 is that of the intercalating formamide bonded at each end. Broadening of this x3C resonance is likely due to ~4N quadrupolar coupling, as described by Hexem et al. (1981) .
The spectrum of the kaolinite:DMSO intercalate similarly displays three resonances. The resonance at 8 = 40.3, more intense in the DD/MAS spectrum, is due to excess DMSO and corresponds within experimental error with the literature value of 6 = 40.4 (Stothers, 1972) . The resonances at fi = 43.7 and 42.5 (Anet and Yavari, 1976) , the strong signals are assigned to the or-and B-carbons, respectively, in the kaolinite:PNO intercalate. The DD/MAS spectrum of kaolinite: PNO, displaying signal pairs at 6 = 139.4 and 137.6, and 6 = 127.1 and 125.6, is almost identical to the DD/MAS spectrum of pure, solid PNO (not shown) suggesting that this spectrum is completely dominated by residual PNO carbon resonances. 
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DISCUSSION

Kaolinite.'formamide intercalate
In the 29Si spectrum of the kaolinite: formamide intercalate (Figure 1 ), the strong signal at 6 = -91.9 is due to the intercalate with a down field shoulder at 6 = -91.5 from residual Georgia kaolinite. The added shielding is interpreted as a weakening of the hydrogen bond interaction with the tetrahedral layer and therefore a lessening of the electron-withdrawing effect on the tetrahedrally coordinated silicon atoms. Similar effects have been observed in alkylammonium-smecrite complexes (Thompson, 1984b (Laby and Walker, 1970) . The observed l~C spectra of the kaolinite: formamide intercalate and the other organic intercalates are most easily interpreted by comparison with the shifts of the organic compounds observed in dilute solution of deuterated solvents, typically chloroform. Difficulties arise, however, when trying to compare these spectra with the chemical shifts observed in the pure organic compound. These difficulties are not surprising considering that factors influencing ~3C chemical shifts are at best only qualitatively understood (Wehrli and Wirthlin, 1978) .
Infrared studies of the kaolinite: formamide intercalate (Ledoux and White, 1966 ) demonstrated a net increase in hydrogen bond participation by formamide on intercalation relative to dilute formamide in chloroform. In the present study a deshielding of the ~C resonance at 6 = 168.2 was observed compared with 6 = 165.6 for dilute formamide in deuterated chloroform. The downfield shift due to increased hydrogen bonding for the carbonyl carbon in formamide agrees well with recent work on hydroxybenzaldehydes (Imashiro et al., 1983) . Taken alone, this evidence suggests a direct relationship between 13C deshielding and hydrogen bond strength; however, consideration of the ~3C resonance in pure formamide indicates otherwise. Infrared data (Ledoux and White, 1966) have shown that the hydrogen bonds in pure formamide are significantly stronger than in the kaolinite: formamide intercalate. Contrary to the relationship implied above, the z3C resonance in pure formamide is not further deshielded but occurs upfield by 3.3 ppm (6 = 164.9).
Clearly, no simple relationship applying to all systems exists between 13C NMR resonance and the level of hydrogen bonding. Some justification exists, however, for inferring such a relationship between the carbonyl ~3C resonance of dilute formamide in chloroform and that of the kaolinite: formamide intercalate. Obviously in pure formamide very significant amide-res-onance effects are present which are reflected in the differences in formamide bond lengths observed between the solid (Ladell and Post, 1954) and the dickite intercalate (Adams and Jefferson, 1976) .
Kaolinite : hydrazine intercalate
The 29Si spectrum of the kaolinite:hydrazine intercalate displayed a single resonance at 6 = -92.0 ( Figure  I ) which is significantly broader (Avv, = 71 Hz) ( Table  1) than those of the kaolinite:formamide (Avl/2 = 50 Hz), kaolinite:DMSO (Av,/2 = 43 Hz), and kaolinite: PNO intercalates (Au,/2 = 55 Hz). The 29Si chemical shift was not significantly different from that of the kaolinite: formamide intercalate, suggesting similar N-H... O hydrogen bonding interactions. The increased signal width, however, probably corresponded to a greater variation in the chemical environment of the silicon nuclei. This greater variation is interpreted as a decrease in three-dimensional ordering of this intercalate compared with the kaolinite: formamide intercalate. Such an interpretation is consistent with the one-dimensional Fourier projections of the two intercalates obtained by Weiss et al. (1963) , which indicated a double layer of oriented hydrazine molecules. Also, the greater mobility of the small hydrazine molecules in the kaolinite: hydrazine intercalate would contribute to a decrease in ordering.
Kaolinite : DMSO intercalate
The 29Si spectrum of the kaolinite: DMSO intercalate displayed a narrow (Av,/2 = 43 Hz) resonance at 6 = -93.1. The narrowness of this resonance suggests a high degree of equivalence of the silicon chemical environments, which is consistent with three-dimensional ordering within the structure. The observed chemical shift of the kaolinite:DMSO 29Si resonance was identical to that of halloysite at 6 ----93.1 (Mfigi et al., 1981) , though significantly deshielded relative to pyrophyllite at 6 = -95.0 (M/igi et al., 1981) . In pyrophyllite only relatively weak ionic and van der Waals interactions (Giese, 1975) are present, whereas in halloysite, interlayer water hydrogen bonds to the tetrahedral silicate layers (Hendricks and Jefferson, 1938) and results in a deshielding of the 29Si resonance. The 29Si chemical shift observed in the kaolinite:DMSO intercalate supports the existence of a bonding (electron-withdrawing) interaction stronger than van der Waals forces alone as suggested by Adams (1978) . Such bonding interaction would be between the sulfur and the oxygens of the tetrahedral silicate layer, as the existence ofC-H... O hydrogen bonds is not supported (see Tensmeyer et al., 1960) . Orientation of the DMSO molecule with the sulfur-oxygen bond approximately normal to the ab plane, as proposed by Adams (1978) and Jacobs and Sterckx (1970) , provides optimum sulfur-oxygen distances, although this orientation results in the methyl groups being unacceptably near to the silicate layer.
The ~3C spectra of kaolinite: DMSO (Figure 3 ) displayed a free DMSO resonance at 6 = 40.3 and two methyl resonances, of almost equal intensity, from intercalated DMSO deshielded by 3.4 and 2.2 ppm. The deshielding of the 13C nuclei paralleled the observations for the kaolinite : formamide intercalate. The two equally intense methyl carbon resonances at 6 = 43.7 and 42.5 were due to nonequivalent chemical environments. In the liquid state the two methyl carbons are chemically equivalent. Additionally, a solid state 13C NMR study by Pines et al. (1972) did not discern inequivalence in nuclear shielding of the two methyl carbons, though more recent ~H NMR lineshape studies have detected methyl group inequivalence in the solid state (Ripmeester, 1981) . It is likely that when DMSO is complexed with kaolinite the two methyl groups are held in chemically nonequivalent positions, paralleling the explanation of the two 29Si resonances observed for untreated kaolinite (Thompson, 1984a) . Alternatively, in the solid state, the two methyl carbons are nonequivalent due to a difference in C-S bond lengths as in solid DMSO (0.05 A) (Thomas et al., 1966) . Either way, the absence of the symmetric v(CS) vibration (Olejnik et al., 1968) in the infrared spectrum of the intercalate can be interpreted as having resulted from a lowering of the DMSO symmetry after intercalation.
The interpretation of the OH-stretching bands in kaolinite and its intercalates is often a matter of conjecture. For the kaolinite: DMSO intercalate, however, the formation of the uncharacteristically sharp peaks at 3658, 3535, and 3499 cm -~ (Olejnik et al., 1968) suggests the formation of relatively strong and regular hydrogen bonds between the inner-surface hydroxyls and the sulfonyl oxygen. The relationship between v(OH)-stretching frequency and OH... O bond length in solids described by Nakamoto et al. (1955) confirms that a shift to lower frequency correlates well with an overall shortening and thus strengthening of the O-H... O hydrogen bonds.
The ~3C resonances of the kaolinite:DMSO intercalate (6 = 43.7 and 42.5) were deshielded relative to both dilute DMSO in deuterated chloroform (6 = 41.0) and pure DMSO (6 = 40.4). Increased electron withdrawal on the methyl carbons due to an increase in hydrogen bonding by the sulfonyl oxygen accounts for the observed deshielding, although the infrared evidence (Olejnik et al., 1968) does not support this proposed explanation. Jacobs and Sterckx (1970) , however, interpreted their v(SO) data as indicating the formation of such strong hydrogen bonds in the kaolinite: DMSO intercalate.
Overall, the narrowness of the 29Si NMR single resonance, the apparent resolution of the two methyl chemical environments by 13C NMR, and the forma-tion of significant hydrogen bonds between the innersurface hydroxyls and the sulfonyl oxygen suggests a high degree of short-range ordering in the kaolinite: DMSO intercalate. That the kaolinite: DMSO intercalate is a highly ordered structure is further supported by the presence of strong, well-resolved, non-basal reflections in the XRD powder pattern obtained in this study, in agreement with the results of Jacobs and Sterckx (1970) .
Kaolinite : PNO intercalate
The 29Si spectrum of kaolinite: PNO displayed a single resonance at 6 = -92.1 (Av,/2 = 55 Hz). Assuming that the 29Si signal width is an indication of threedimensional ordering, as discussed above, a value of 55 Hz suggests that the kaolinite: PNO intercalate has less ordering than the kaolinite: DMSO intercalate, but more than the kaolinite:hydrazine intercalate. From previous considerations of the effect of hydrogen bond interaction on the 29Si chemical shift, the observed shift at 6 = -92.1 indicates that PNO is equally strongly hydrogen bonded to the adjacent silicate layer as are both hydrazine and formamide. On this basis the structure of kaolinite: PNO (Weiss and Orth, 1973) requires the formation of C-H... O hydrogen bonds. As discussed for the kaolinite:DMSO intercalate, the existence of C-H... O hydrogen bonds is not acceptable, and a significantly more shielded 29Si resonance should be expected than was actually observed. The anomalously deshielded 29Si resonance may be explained by considering the aromatic nature of PNO. The magnetically anisotropic aromatic ring deshields nuclei in the plane of the ring. Although the PNO rings are not strictly normal to the kaolinite layer (Weiss and Orth, 1973) , they are sufficiently close to cause some deshielding of the neighboring silicon nuclei. A semiquantitative estimate of the amount of deshielding experienced by the silicon nucleus can be derived from calculations by Johnson and Bovey (1958) for aromatic hydrocarbons. Assuming a distance of 4-5/~ between the center of the PNO ring and an adjacent silicon nucleus near to the plane of that ring (Weiss and Orth, 1973) , the expected deshielding (~0.3 ppm) would be of the right order of magnitude to account for a significant part of the anomalous deshielding.
The ~3C spectra of the kaolinite:PNO intercalate (Figure 4 )are more difficult to interpret. As it was not possible to collect a CP/MAS ~3C spectrum of pure PNO, the:signals observed in the CP/MAS spectrum for kaolinite: PNO must have been almost entirely due to intercalated PNO. The chemical shift of the 3-carbon in the kaolinite:PNO intercalate (6 --128.2) is comparable to that of the 3-carbon of PNO in ethanol (6 = 127.9) (see Anet and Yavari, 1976) , a mildly polar solvent. The a-carbon in the kaolinite:PNO intercalate, however, was unexpectedly shielded by > 1.5 ppm relative to the a-carbon of PNO in solutions of wideranging polarity and acidity. Other effects such as steric interactions and neighbor group anisotropy would predominate at the ortho-carbon (a) (Wehrli and Wirthlin, 1978) .
The non-observance of a distinct 3,-carbon resonance is not surprising in view of the results of solution studies. Depending on the solvent properties, the 3,-carbon of PNO in solution resonated in the range 6 = 123.2 to 145.5. Minor variation in the hydrogen bonding between the kaolinite inner-surface hydroxyls and the PNO oxygen would result in modulation of the mesomeric effect, and consequently variation in the deshielding at the "y-carbon. It is possible that the "r-carbon contributed to the weak signals which appeared in the CP/MAS spectrum as shoulders at 6 = 133 and 139.
Overall, the I3C spectra of the kaolinite:PNO intercalate confirm the formation of relatively strong hydrogen bonds between the kaolinite inner-surface hydroxyls and the PNO oxygen. The absence of a single, clearly resolved ~-carbon resonance in the 13C CP/ MAS spectrum correlates with the peak width of the 29Si signal in that a high degree of three-dimensional ordering is lacking in the kaolinite:PNO crystal structure.
Extent of intercalation
From a cursory examination of the present results, 29Si NMR spectroscopy appears to provide a more reliable indication of the extent of intercalation than does a consideration of the relative intensities of the d(001) XRD reflections. The latter technique relies on the presence of long-range ordering, whereas NMR does not. For example, the XRD pattern of the kaolinite: DMSO intercalate, after correcting for structure factor differences and the Lorentz factor, indicates that the intercalation had proceeded to ->95% completion, whereas the 29Si CP/MAS spectrum of the same sample demonstrates that 90-92% would have been a more reliable estimate. Similar lack of agreement between NMR and XRD data was observed for the other intercalates as well. In order that the 295i CP/MAS data be quantitative, the 29Si-H internuclear distances and rates of relaxation for 29Si must be the same for each sample (Barron et aL, 1983a) .
It is reasonable to assume that the rates of relaxation are the same, because in each case the aluminosilicate structure and composition are the same. The experimental results, however, suggest that the 29Si-lH internuclear distances are not the same. Inasmuch as 29Si in kaolinite:hydrazine appeared to cross-polarize much less efficiently (of. signal-to-noise in Figure 1 ) than in the other intercalates protons from the intercalating compound must have been involved in cross-polarization. The 298i NMR results in this study demonstrate that significant differences in 29Si-1H internuclear distances must exist between the tetrahedrally coordinat-ed silicon and protons from the intercalating compound. Therefore, a conclusion that the 29Si CP/MAS spectra (sensitive to short-range ordering) of kaolinite intercalates provides a more reliable indication of the level of intercalation than XRD (sensitive to long-range ordering) is not justified. Nevertheless, the results obtained are consistent within the respective scope of each technique.
CONCLUSIONS
Solid-state 29Si and ~3C NMR analyses of the four kaolinite intercalates could not be predicted from previous infrared or XRD investigations. This is not surprising given the different analytical capability of highresolution MAS/NMR of solids, namely, sensitivity to the averaged chemical and magnetic environment of the subject nucleus.
Although unequivocal interpretations were not always possible the following conclusions can be made:
(1) Using 29Si NMR it was possible to observe the level of bonding interaction between the silicate layer and the intercalate; however, it was necessary to consider influences not relating to bonding (e.g., neighboring-group anisotropy).
(2) The width of the 29Si resonances (Au,/~) showed the level of three-dimensional, short-range ordering in the kaolinite intercalate.
(3) ~3C NMR in kaolinite:organic intercalates was generally difficult to interpret. Upon intercalation, organic molecules were susceptible to changes in bond length and angle. These changes were not a problem for 295i because distortion of the aluminosilicate structure after intercalation was not evident. These and other influences (Wehrli and Wirthlin, 1978) made interpretation of the t3C spectra more difficult.
(4) ~3C chemical shifts appeared to be compatible with changes in hydrogen bond participation that can be inferred from infrared studies. Detail was obtainable regarding redistribution of electron density in the kaolinite:PNO intercalate and the non-equivalence of methyl-carbon chemical environments in the kaolinite: DMSO intercalate.
